Reducing CO 2 emissions for the long term is an important issue in countering climate change. For this reason, the use of renewable construction materials inter alia wood-based materials is becoming increasingly important. Wood based materials often depend on petrochemical-based binding agents, most of which contain and emit formaldehyde. This causes environmental and health-related difficulties that could be rectified by avoiding the utilization of these adhesives. For this purpose, enzymatically bonded medium-density fiberboards (MDF) with a targeted raw density of 650 kg/m³ and 750 kg/m³ and high-density fiberboards (HDF) with a density of 900 kg/m³ were produced in different thicknesses. Laccase-Mediator-System (LMS) was applied to manufacture the boards and to compare them to those glued with UF and inactivated laccase, respectively. These panels were tested in terms of their physical technical properties, such as internal bond strength (IB), modulus of rupture (MOR) and thickness swelling (TS) after 24 h immersion. The aim was to show the correlation between density and these properties for fiberboards bonded this way. Most panels meet the requirements of the European standard when LMS and UF-resin were used. The possibility to produce fiberboards bonded with alternative bonding agents opens up the way to alternative, innovative, healthy and environmental-friendly wood based products.
Introduction
In western nations an increasing environmental consciousness has been observed for the past decades, for example in Germany (BMUB, 2015) . The material use of biomass offers the opportunity to instigate enormous reductions in greenhouse gas emissions if manufactured in an ecological way (Kok, 2002; Goverse et al., 2001) . Using wood as a construction material creates several advantages. It is important to keep in mind that wood stores carbon during the trees' lifespan (Strasburger et al., 2014; Kok, 2002) . This wood can be used as round wood, sawn wood and wood based panels to substitute conventional and energy-intensive materials such as concrete, steel and plastic (Kok, 2002) . Wood based materials are produced through shredding wood and its reformation afterwards (Dunky, Niemz, 2002; Soiné, 1995; Lohmann, 2010) . They may be classified based on the degree of reduction ratio (Niemz, 2012) . Similar to solid wood, the wood based materials are near-natural and more CO 2 -neutral than other materials used for construction and furniture production (Kok, 2002; Goverse et al., 2001) . The advantages of the manufactured wood materials are a higher isotropy, and increased homogeneous and insulating properties compared to solid wood (Barber, 1964; Niemz, 2012) . Utilizing wood-based materials enables manifold applications because they enable production of materials with desired dimensions and properties, making the panel manufacturing one of the most important sectors of the wood industry (Soiné, 1995) . Within the European wood based panel industry the particle board producers in 2014 showed the highest output with a volume of 29.0 million cubic meters. The second largest quantity was MDF production making up 14.8 million cubic meters which altogether covered around 75% of all wood based panels production (EPF, 2015) . In contrast to particle boards, MDF are characterized by higher strength and surface-related properties as well as better profiling capability (Deppe, 1996) . Furthermore, it is possible to produce fiberboards of up to 1.5 mm thickness (Ambrozy, 2005) . boards two different procedures are known. In the wet process water as well as glues, dyes and other agents are blended with the TMP fibers in chests. From there the fiber suspension is transferred to a screening belt where the web forming is done by drainage, suction and pressing. Hereafter the fiber fleece is dried to produce low density insulation boards or gets hot pressed to obtain HDF (Dunky, 2002) . However, the wet process is no longer applied due to low strength properties, and inhomogeneous density distribution of the boards and environmental concerns regarding their production (Deppe, 1996) . In contrast to the wet process the TMP fibers are glued in a blowline-or a blendersystem and get dried immediately after by a tube dryer to a moisture content of 9 -Usually 11% (Dunky, 2002; Pizzi, 2003) . The web forming uses a pneumatic or mechanical method before the fiber fleece is hot pressed in continuous presses (Dunky, 2002) . In the meantime the dry process is predominantly being used to produce fiber boards because, amongst other reasons, of the fact that it entails economic and ecological advantages when taking into consideration, for example, drying time (Euring, 2008; Makas, 2012) .
Adhesives applied in the wood products industry are usually amino resins based on formaldehyde reacting with amino groups from different sources, such as urea (UF) or melamine (MF) (Pizzi, Mittal 2003) . UF-and MF resins or combinations thereof, e.g. urea-melamine formaldehyde (MUF), are utilized in around 90% of all wood based products (Niemz, 2012) . Also phenolic resins generated by the reaction of phenol and formaldehyde (PF), are in use. On the one hand, technical as well as economic reasons are motivations to use resins formaldehyde containing , especially UF (Zeppenfeld, 2005) , while on the other, there are environmental and health-related concerns when considering the formaldehyde emissions of wood based products during and after being hot pressed. In addition the vulnerability for hydrolysis of cured UF glue joints leads to formaldehyde release (Dunky, 2002) . In the European Union formaldehyde is considered to be carcinogenic, mutagenic or toxic to reproduction (EU 605/2014 (EU 605/ 2014 . To circumvent the difficulties with the conventional synthetic binders mentioned above, and to offer a complete environmental-friendly solution, it might be an approach to use adhesives which contain no harmful substances. Alternative binders are based on various natural sources, such as tannins, lignins, animal and plant proteins or carbohydrate polymers, or through enzymatic activity (Dunky, 2002) . Using them could be advantageous with regards to the fact that they allow a virtually full organic manufacturing of wood based products together with being completely recyclable (Habenicht, 2009 ). Following EURING (2008 , in the present work enzymatically bonded fiber boards have been produced using the woods natural inherent glue, the lignin. During pulping, the lignin of the cell walls middle lamella becomes plasticized and the single fibers get separated (Dunky, 2002; Stokke et al., 2014) . The cells obtained in this way are coated with a resolidified lignin layer that serves as substrate to be oxidated by the subsequently applied laccase-mediator-system (LMS) (Hüttermann, 1993; d'Acunzo et al., 2002; Kües et al., 2007; Widsten, 2008) . Applying LMS to produce MDF or HDF has the intention to activate the lignin, i.e. to start a radically induced depolymerisation within the lignin of the cell wall (Widsten et al., 2004; Euring, 2008) . Due to its oxidation potential the lignin-degrading enzyme laccase is hardly able to oxidize lignin except for its phenolic groups and because of its size laccase is scarcely able to penetrate the wood cell wall (Rochefort et al., 2004; Sixta, 2006) . Adding a mediating small redox molecule copes with both of these aspects: The oxidation of a broader array of lignin components works much deeper in the cell walls affected because of the mediators minute size and its higher redox potential (Sixta, 2006; Rochefort et al., 2004) . The application of such LMS was first used for oxidative reactions of non-phenolic compounds of the lignin in the 1990s (Bourbonnais, 1990) . This information provides an application for delignification in the pulping process (Rochefort et al., 2004) . Lignin fractions created this way polymerize while the fiber web is hot pressed to MDF or HDF, because the radicals decay under the influence of heat (Widsten, 2002) .
The raw density is one of the most important features of wood and wood-based materials, substantially influencing their physical-technological belongings (Niemz, 2012; Boehme, 1991; Vorreiter, 1958) . The density is calculated from the mass in relation to the volume (Lohmann, 2010) . As raw density rises, strengths, hardness, elastic properties, coefficient of thermal conductivity and swelling increase also (Lohmann, 2010; Niemz, 2012; Maas, 2013; Schmidt, 2013; Roffael, 1972; May, 1978) .
In the present work, MDF as well as HDF with a raw density of 650 and 750 kg/m³ and 900 kg/m³ respectively, were produced and their most important properties; internal bond strength (IB), the modulus of rupture (MOR) and thickness swelling after 24 h immersion were tested.
The boards vary in thickness (6 mm and 12 mm) and different binding agents were applied, such as inactivated laccase, laccase, laccase-mediator-systems and UF resin. The purpose of this work is to show if the different binder systems used cause differences in properties of boards of the same density and thickness. 
Materials and Methods

Softwood Fibers
The wood fibers used, were defibrated by Steico SE (Feldkirchen, Germany) via thermo-mechanical pulping (TMP). The fiber blend consisted of 90% Pinus sylvestris wood and 10% Pinus radiata wood.
Urea-Formaldehyde Resin
The commercial UF resin K350 with a molar ratio of 1.00:1.16 urea:formaldehyde and a solid content of 68% from BASF SE (Ludwigshafen am Rhein, Germany) was used as binder for conventional manufactured reference boards.
Mc Ilvaine Buffer
In order to optimize enzymatic reaction a slightly acidic McIlvaine buffer-system (pH=6) was used as the basic component of laccase-mediator-system (LMS) (Euring 2008) . It consisted of 0.2 M di-potassium hydrogen phosphate (K 2 HPO 4 ) and 0.1 M citric acid (C 6 H 8 O 7 ) from AppliChem GmbH (Darmstadt, Germany).
Hydrophobic Agent
In the present study Hydrowax of the type 138 from Sasol Corporation (Johannesburg, South Africa) was used to protect the fiber boards against moisture. It has a solid content of 60%.
Laccase
The commercial laccase Novozym 51003 from Novozym A/S (Bagsvaerd, Denmark) was used in the current investigation which was biotechnologically synthesized from Trametes vilosa in recombination with Aspergillus oryzae. The enzymatic activity was periodically determined according to the ABTS-Test method of Matsumura et al. (1986) . On this occasion, the discoloration initiated by the oxidative reaction between 2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonic and the enzyme, was investigated. The mean value of enzyme's activity was around 1100 U/mL.
For reference purposes, laccase was inactivated by 10 minutes of cooking.
Mediator
The low molecular weight material, 4-hydroxybenzoic acid (HBA), with a chemical purity of 99%, from Alfa Aesar GmbH & Co. KG (Karlsruhe, Germany), acted as a mediator to improve the enzymatic reaction of the laccase-mediator-system (LMS).
Manufacturing of Medium Density Fiberboards in Pilot Scale
Fiber boards to be tested were produced at the institute's own fiberboard pilot plant (Binos GmbH, Springe, Germany). For each manufacturing process a total fiber content of 15 kg absolutely dry (atro) wood fibers was used. The first step in the work was gluing the fibers. In order to do this, fiber material was evenly sprayed with 7.5 L laccase solution (L), 7.5 L laccase-mediator-system (LMS), both of them with an enzymatic activity of 100 U/mL or 10% urea formaldehyde (UF). The LMS variations had a mediator concentration of 10 mM. All quantities are referred to absolutely dry wood fibers. For reference purposes, wood fibers were compared blended only with buffer, buffer and mediator, buffer in combination with boiled, inactivated laccase and buffer in conjunction with boiled, inactivated laccase and mediator. The treatments were repeated three times and for each variant 15 MDF/HDF were produced. In total, fiber boards with different raw densities (650, 750 and 900 kg/m³) were manufactured. In addition, the boards were fabricated with different thicknesses (6 and 12 mm).
In order to protect the fiber boards from moisture absorption, 1% hydrowax was used for all treatments.
The gluing occurred in the horizontal blender unit at room temperature (22 °C). As a part of this process, three injectors sprayed binding agent onto the fibers. After gluing, the drying took place in the tube dryer via airflow with a temperature of 120 °C and at this point the moisture content of the fibers was reduced to approximately 8%. Afterwards, a cyclone spread the fiber material onto a conveyer belt which collected and sent it forward to the fiber bunker. From there the fibers were strewn as a thick and homogenous fiber mat onto the form conveyer through the integrated spreader unit. This was followed by the manually pre-pressing procedure, without heat application, to prepare the fiber fleece for subsequent curing via a hot press (Siempelkamp GmbH & Co. KG, Krefeld, Germany) at 200 °C which lasted 12 s per 1 mm board thickness. The final work processes were at first a 24-hour conditioning in a climate chamber at 20 ± 2 °C and 65 ± 5% humidity followed by grinding off the anti-adhesive surface film, and finally manufacturing of the respective specimen. Physical-technological properties such as internal bond strength (IB), modulus of rupture (MOR) and thickness swelling (TS) were tested according to European Norms EN 319, EN 310, and EN 317 (European Committee for Standardization [CEN], 1993a [CEN], , 1993b [CEN], , 2003 . Therefore the test specimens for IB and TS were prepared measuring 50 x 50 mm. In order to determine the MOR, samples were produced with a width of 50 mm and a length depending on the respective thickness of the MDF/HDF.
In this case a universal test machine of the type Zwick/Roell ZO10 (Zwick/Roell Corporation, Ulm, Germany) was used which operated with the program TestXpert (Version 10.1.1 from Zwick/Roell).
Results and Discussion
Internal Bond
Internal Bond Strength
Present IB tests for 6 mm and 12 mm thick MDF were conducted according to the standard EN 319 (1993) and had to fulfill prescribed values of EN 622-5 (2010) respectively. Six samples of each MDF were analyzed. Figure 1 displays the IB of MDF with a thickness of 6 mm pressed at 12 s/mm and various raw densities, bonded with inactivated laccase and laccase compared to laccase-mediator-system and urea formaldehyde. The standard requires values of at least 0.65 N/mm² to be achieved. For further reference purposes, MDF were also produced in thicknesses of 6 mm and12 mm from fibers treated with buffer, buffer and mediator, buffer in combination with boiled, inactivated laccase and buffer in conjunction with boiled, inactivated laccase and mediator (data not shown as no differences have been detected within reference samples and control). (Euring, 2008; Kirsch et al., 2015; Euring et al., 2011) . Laccase obtained IB values of 0.21, 0.34 and 0.33 N/mm² merely. When using inactivated laccase as control specimen, IB figures of 0.17 and 0.20 and 0.25 N/mm² were obtained. Schulte and Frühwald (1996) have found a correlation between minimum density and IB of MDF bonded with UF and Polyurethanes (PUR), which vary in thickness and density.
specimens of each MDF have also been analyzed. Figure 2 demonstrates the IB of a 12 mm thick MDF pressed at 12 s/mm and various raw densities bonded with inactivated laccase, laccase, LMS and likewise with UF. This outcome shows that the IB of enzymatic bonded MDF behaves similarly to enzymatically treated thinner fiber boards. By using UF as binding agent for MDF IB numbers of 0.74, 0.78 and 1.30 N/mm² were attained. When comparing enzymatically bonded with conventionally bonded MDF, it becomes obvious that they behave in the same way relevant to their thickness and raw density. Specimens bonded solely with laccase achieved IB values of 0.19, 0.21 and 0.25 N/mm² and did not meet the standard. By using inactivated laccase, values of 0.12 and 0.11 and 0.18 N/mm² were accomplished. The results presented in Figure 1 and 2 clearly show the highest IB values for thinner boards in general. There is no difference between the enzymatically and conventionally bonded MDF in relation to the behavior of enhanced IB values. However, it has to be mentioned that improved IB numbers are expected in connection with increasing raw densities.
Increasing the amount of mediator does not lead to further improvements in internal bond strength. (Euring 2008) . Another important influencing factor is the use of hydrophobic agents for MDF production (Back 1987) . Following Felby et al. (2002) , the enzymatic treatment of TMP wood fibers combined with paraffin wax as hydrophobic agent, impacts IB values disadvantageously.
Modulus of Rupture
Specimens for MOR were investigated by a three-point bending test regarding to EN 310 (1993). According to standard EN 622-5 (2010) , MOR values of at least 23 N/mm² are required for boards with a thickness of 6 mm. For each produced MDF, at least three samples were tested, and the values were averaged. Figure 3 shows the MOR of MDF with a thickness of 6 mm, a pressing time of 12 s/mm and various raw densities bonded with inactivated laccase, laccase, LMS and UF. In addition reference MDF were also produced in thicknesses of 6 mm and 12 mm from fibers treated with buffer, buffer and mediator, buffer in combination with boiled, inactivated laccase and buffer in conjunction with boiled, inactivated laccase and mediator (data not shown as no differences have been detected within reference samples and control). With regards to standard EN 622-5 (2010) , MOR values of at least 22 N/mm² are required. At least three specimens were tested per MDF and the values were averaged. Figure 4 displays the MOR of MDF with a thickness of 12 mm and a pressing time of 12 s/mm and various raw densities bonded with inactivated laccase, laccase, LMS and UF. Boards were also produced from fibers exclusively treated with buffer (data not shown).
In MDF samples using LMS as binding agent, values of 25, 30 and 40 N/mm² are obtained and fulfilled the requirements of EN 310 (1993) in all three bulk densities and gave the second best results. Using solely laccase as binding agent, MOR values of 17, 19 and 21 N/mm² were realized which don't meet the standard. When using inactivated laccase, values of 7 and 11 and 15 N/mm² were obtained. By using UF as binder for MDF the highest MOR numbers of 30, 35 and 50 N/mm² were reached, and which fulfil the requirement. When looking at Figure 3 and 4, it can be observed that higher bulk densities involve enhanced MOR values in all cases.
Thickness Swelling
TS tests were carried out after 24 h of immersion in water according to standard EN 317 (1993) , and oriented towards EN 622-5 (2010) requirements, samples can exhibit a maximum swelling behavior of 17% for 6 mm and 15% for 12 mm thickness. For each MDF at least six samples were analyzed.
To allow an easier comparison, the following table displays the swelling behavior of MDF pressed at 12 s/mm and different raw densities bonded with inactivated laccase, laccase, LMS and UF. For further reference purposes, MDF were also produced in thicknesses of 6 mm and12 mm from fibers treated with buffer, buffer and mediator, buffer in combination with boiled, inactivated laccase and buffer in conjunction with boiled, inactivated laccase and mediator (figures not shown as no differences have been detected within reference samples and control). The results obtained in this work allow characterizing LMS-bonded MDF in pilot scale as a successful approach to produce binderless, high-quality products for general, interior use. It could be shown that by means of LMS boards can reach properties comparable to UF-bonded ones. Moreover, the outcomes demonstrate once more the superiority of LMS against the application of mere laccase, due to its higher oxidation potential towards lignins. For IB LMS-bonded fiberboards in this case could achieve three to four times higher values across all panel types varying in density and thickness. That also applies for MOR and TS, where almost twice as favorable properties were measured. This work also confirms for LMS-bonded MDF the positive correlation between density and strength properties, which is reported in literature, e.g. DUNKY & NIEMZ (2002 ), FELBY et al. (2002 . This shows that MDF bonded only with laccase achieve results that are comparable to UF-bonded boards. However, in those cases the pressing time of 25 s/mm was considerably longer than in the present work. Also WIDSTEN et al (2004) found a correlation between the density of laccase bonded MDF and their mechanical properties, although that work was focused on how the defibration temperature affects MDF.
Further improvements should be made considering the reduction of pressing time to make the production process more applicable for future industrial scale. Usually industrially manufactured MDF require 8.5 -11.0 s/mm board thickness where UF is used as a binder (Dunky, Niemz 2002) .
Conclusion
Enzymatically bonded MDF and HDF of 650 kg/m³, 750 kg/m³ and 900 kg/m³ density and a thickness of 6 mm and 12 mm have been produced and tested in the present work. The results prove clearly the correlation between the boards' densities and physical technical properties, such as IB and MOR and TS on the one hand and their slight decrease when the boards' thickness is doubled on the other. Furthermore, it becomes apparent that from the different enzymatic binders only the LMS is a suitable method to meet the requirements of EN 622-5 and leads to panel property values comparable to UF. These enzymatic bonded fiberboards can be manufactured within an appropriate hot pressing time of 12 s/mm at pilot scale. Further development needs to be conducted in order to make the production process more applicable for industrial scale production, especially through shortening the pressing time even more.
